We present a spatial and wave-vector resolved study of the electronic structure of micron sized ferroelectric domains at the surface of a BaTiO3(001) single crystal. The n-type doping of the BaTiO3 is controlled by in-situ vacuum and oxygen annealing, providing experimental evidence of a surface paraelectric-ferroelectric transition below a critical doping level. Real space imaging of photoemission threshold, core level and valence band spectra show contrast due to domain polarization. Reciprocal space imaging of the electronic structure using linearly polarized light provides unambiguous evidence for the presence of both in and out-of plane polarization with two and fourfold symmetry, respectively. The results agree well with first principles calculations.
We present a spatial and wave-vector resolved study of the electronic structure of micron sized ferroelectric domains at the surface of a BaTiO3(001) single crystal. The n-type doping of the BaTiO3 is controlled by in-situ vacuum and oxygen annealing, providing experimental evidence of a surface paraelectric-ferroelectric transition below a critical doping level. Real space imaging of photoemission threshold, core level and valence band spectra show contrast due to domain polarization. Reciprocal space imaging of the electronic structure using linearly polarized light provides unambiguous evidence for the presence of both in and out-of plane polarization with two and fourfold symmetry, respectively. The results agree well with first principles calculations. At a surface or interface of a ferroelectric film the depolarizing field arising from uncompensated surface charges can reduce or even suppress ferroelectricity below a critical thickness. [1] Surface charge can be screened by a variety of mechanisms: intrinsic [2, 3] , extrinsic [3, 4] or domain ordering. [5, 6 ] Domain ordering and surface atomic structural changes can combine within single domains. [7] [8] [9] These charge-driven modifications are likely to strongly influence the surface electronic structure.
Understanding such changes is mandatory for effective integration of ferroelectric materials into oxide-based electronic devices. [10] Any useful device design requires in-depth knowledge of the electronic structure at the interface. For example, interface hybridization between filled d orbitals responsible for magnetization and empty d orbitals in the ferroelectric oxide [11] plays a crucial role in heterostructures showing magnetoelectric coupling. [12] However, studies of the surface properties have focused mainly on polarization, transport and related phenomena. [13, 14] The anomalous dynamical charge tensors associated with the atomic distortions are particularly high for the oxygen-cation bonding chains. [15] Measuring the dispersion relations throughout the valence band would therefore be extremely useful.
Angle resolved photoelectron spectroscopy (ARPES) is the ideal technique for measuring the band structure. It is used to study the electronic structure of metallic oxides such as SrRuO 3 [16] and La 1−x Sr x MnO 3 [17] but rarely applied to insulating perovskite oxides [18] , because of charging during photoemission. Even where a metallic state is expected at the interface between two band insulators such as LaAlO 3 and SrTiO 3 (STO), the substrate is often lightly doped. [19] Vacuum cleaved stoichiometric STO did allow ARPES measurements but this was due to the appearance of a metallic 2D Fermi surface. [20] A ferroelectric should be an insulator otherwise the long-range Coulomb interactions are screened, suppressing the polarization but there is now evidence that perfect insulators are not necessary to support ferroelectricity. Ferroelectric distortion is predicted and observed in doped BaTiO 3 (BTO) with a critical doping of 1.36 − 1.9×10 21 e/cm 3 for the disappearance of the FE state [21] [22] [23] [24] . Changes in the unit cell volume induced by oxygen vacancies further reduce the critical doping. [23] Thus, within certain limits, a material can have metallic character while stabilizing a ferroelectric state. This opens the way to full characterization of the electronic and chemical structure using photoemission-based experimental techniques.
Micron-scale ferroelectric domain recognition of lightly doped ferroelectric samples can be performed using energy filtered photoelectron emission microscopy (PEEM). [25] PEEM demonstrated the existence of domains in BTO above the Curie temperature due to anionic surface relaxation. [26] In this letter we use synchrotron radiation-induced PEEM with linearly polarized light to study the surface band structure of micron sized ferroelectric domains in doped BTO(001). We provide evidence of a surface paraelectric-ferroelectric transition with decreasing metallicity. The microscopic band structure identifies domain polarization parallel and perpendicular to the surface and is compared with first principles Density Functional Theory (DFT) calculations.
In the tetragonal (P4mm) phase of BTO there are two possible FE distortions along the c-axis, parallel and antiparallel to [001] . The polarization may also be along one of the four equivalent in-plane directions, identified as P in . Out-of-plane polarization gives fixed positive or negative surface charge, whereas no net surface charge is (001) after (a) annealing in UHV at 700
• C and (b) annealing in 6 × 10 −6 mbar of oxygen at 700
• C . The insets show the corresponding LEED (left) and PEEM (right) images. The PEEM field of view is 65µm.
expected for P in .
The experiments were done with the NanoESCA photoemission spectrometer at the Elettra synchrotron. [27, 28] The stoichiometric BTO(001) single crystal sample (from SurfaceNet GmbH) was ozone cleaned ex-situ for 10 minutes immediately before introduction into the ultra-high vacuum (UHV) system. [29] The base pressure was better than 2×10 −8 Pa. In the reciprocal space imaging mode [27, 30] , which we call k-PEEM, the photoelectrons are detected with a wave vector resolution of about 0.05Å −1 for all k parallel and an energy resolution of 200 meV. The surface was prepared by 3 cycles of low energy Ar ion sputtering (500 eV) and annealing (650
• C) in UHV. The final annealing step was done at 700
• C for 30 minutes creating a clean, ordered surface with oxygen vacancies. [31, 32] Then the sample was annealed at 695
• C for 2 hours in an oxygen partial pressure of 6 × 10 −6 mbar to partially recover the oxygen stoichiometry. Figure 1 shows the XPS survey acquired using a photon energy of 650 eV after UHV (red, upper curve) and oxygen (blue, lower curve) annealing. They are similar and free of carbon. The insets show the low energy electron diffraction (LEED) patterns; in both cases we observe sharp (1×1) patterns. However, the threshold PEEM images in the right hand insets are very different. After UHV annealing no contrast is observed, whereas after oxygen annealing typical ordered stripe domains appear oriented parallel to [001] or [010], providing evidence for an uniaxial in-plane strain. [25, 26] The contrast results from the different surface charge as a function of domain polarization.
The Ti 2p core level and valence band spectra using photon energies of 650 and 50 eV, respectively, are shown we estimate that the free carrier doping after annealing in UHV is 0.2 electrons per unit cell. This decreases to 0.09 e/u.c. after oxygen annealing. The first figure is higher than the predicted critical doping for ferroelectric displacements [23, 24] and explains the absence of domain contast in PEEM after UHV annealing. After oxygen annealing, the doping is lower than the critical value and ferroelectric stability is recovered, evidenced by the appearance of stripe domain contrast in the PEEM images. XPS measurements [33] at 900 eV (more bulk sensitive) confirm that the vacancy concentration is constant over the first few nanometers. The O 1s and Ba 4d spectra are identical for both photon energies [33] , showing that no phase separation or surface segregation has taken place. Therefore, the main result of UHV and oxygen annealing is to modify the doping level. Based on this result and in the following analysis we suggest that the main effect of UHV annealing is to increase the oxygen vacancy concentration and thus the electron doping, creating a more metallic-like surface. The oxygen desorption energy is much lower at the surface than in the bulk [34] . Conversely, oxygen annealing reduces the electron doping allowing the surface to support the ferroelectric state.
The upper inset of Fig. 3 shows a typical PEEM image of another region of the same sample surface after oxygen annealing. The triple contrast indicates the presence of P ± and P in polarization states. Regions of interest (ROIs), marked A and B, are selected corresponding to 10µm broad stripes. Both contain fine structure, de- fined by the rectangles 1A, 2A, 2B and 3B, indicating a high degree of sub-micron domain ordering. The local threshold spectra from this fine structure have different photoemission thresholds. The two lower energy spectra (1A and 2A) are in ROI A whereas ROI B contains the two higher energy spectra (2B and 3B). 2A and 2B are virtually identical, suggesting they are due to the same polarization. From consideration of surface charge they must be associated with P in . The lower inset of Fig. 3 is the threshold map generated from a pixel by pixel error function fit [30] 32 eV) , represented by the lighter (yellow) regions, is present in both ROIs. In ROI A the two low threshold values (color coded green and yellow) are dominant but there is a small proportion of high threshold values (color code brown). Thus in ROI A there are indeed three polarizations, P + , P − and P in , but the proportion of P − is much higher than P + . The opposite is true of ROI B.
Using an iris aperture of approximately 5 µm diameter we have carried out micro-XPS in the ROIs A and B. The valence band and (inset) Ti 2p core level spectra are presented in Fig. 4 . The micro-spectra extracted from ROIs A and B reflect the average of the in-plane and out-of-plane polarization in each zone resulting in their small relative shift (50 meV). The vertical dotted lines indicate the positions of the constant energy cuts in the band structure presented in Fig. 5 . Interestingly, the oxygen vacancy concentration, as deduced from the but it is unlikely that a simple charge transfer model is sufficient to describe the electron density changes. The carriers released by the defect (i) may remain slightly bonded in the form of a polaron and (ii) keep a rather localized character due to the correlated nature of the Ti 3d orbital. [35] However, the general trend and the presence of a paraelectric-ferroelectric structural transition in a metallic-like state agree with the theoretical predictions. We used linear dichroism in photoemission to investigate further the ferroelectric state in both ROIs. Linear dichroism in photoelectron spectroscopy [36] can be used to study both orbital [37] and structural symmetry [38] . It should therefore be sensitive to orthogonal FE polarization directions.
The geometry is shown in the schematic in Fig. 5 . The soft X-rays (50 eV) are incident at 25
• with respect to the surface. The k-PEEM data are acquired from 1 eV above to 9 eV below the Fermi level in 50 meV steps (9 seconds per image). The resulting 2nd derivative data stack I(E, k x , k y ) gives the full 2D band dispersion parallel to the surface. We have used vertically (VP) and horizontally (HP) polarized light. For VP the light polarization on the sample is 60% p-polarized, with 40% s-polarized along [010] . For HP, the light is 100% spolarized along [100] . From the dipole matrix elements we would expect p-polarized light to be sensitive to distortions perpendicular to the surface plane, i.e. parallel or antiparallel to [001] whereas s-polarized light should be sensitive to in-plane distortions. The s-polarized light should also enhance the emission intensity from the dorbitals.
[37] The photon energy is such that k perp is at a Γ point (k perp = 2π/a (0,0,2)).
[39] Figure 5 shows constant energy cuts in the 1st Brillouin zone at 4.2 (upper) and 5.0 eV (lower) of the k-PEEM data from ROI A (B is similar [33]) using (a) VP and (b) HP light. The right hand panels show the theoretical calculations described below. There are important differences between VP and HP light. The band structure using VP light always has fourfold symmetry whereas for HP the symmetry is twofold. The fourfold symmetry with VP confirms the presence of out-of-plane polarization. Apart from the opposite surface charge the dispersion relations should be similar for both P + and P − . The HP cuts show that there is preferential in-plane polarization, parallel and antiparallel to [100], rather than in all four P in directions. One would also expect evidence of twofold symmetry in the band structure using VP light. However, the 40% s-polarization is orthogonal to that in HP, pointing to negligible in-plane tetragonal distortion along [010] . This is strong evidence that the in-plane polarization are mainly along [100] and [−100].
With reference to the PEEM images in Fig. 1 and Fig. 3 , the domains in the as-received sample have grown along [100] [40] . This must be due to elastic energy, however, in our experiment we do not have sufficient control of the strain imposed by the sample holder in order to make a quantitative correlation.
Density-functional calculations for in and out-of-plane polarizations in BTO were performed using the SIESTA code [41, 42] . We use the local density approximation (LDA), Troullier-Martins pseudo-potentials and a basis of numerical atomic orbitals, extended up to triple ζ for Ti 3d and 4s, and O 2p. The real space grid is determined by a 400 Ryd cut-off and the range of atomic orbitals by a 0.001 Ryd energy shift. Nine-layer, (001)-oriented slabs with TiO 2 terminations are used. The geometry is relaxed using a conjugate-gradient algorithm until all the Cartesian components of the atomic forces are less than 0.04 eV/Å. Two configurations are considered: (i) an inplane polarization (a = 3.94Å) and (ii) an out-of-plane polarization (a = 3.995Å), stabilized by superimposing an external electric field (E ext =1.2 V/Å) perpendicular to the surface. This is necessary to screen the depolarizing field and is associated to a saw-tooth electrostatic potential with a discontinuity in the middle of the vacuum layer (20Å) to preserve the periodicity of the potential. A (1×1) surface unit cell was assumed, as observed in LEED. A 6×6×1 sampling of the Brillouin Zone was used, refined up to 20×20×1 to accurately compute the band structure in the relaxed geometry.
The LDA results are shown as insets in Fig. 5 . To compare with experiment they have been Gaussian broadened by 0.3 eV. It should also be borne in mind that any comparison between DFT based band structure and experiment is limited since we measure a spectral function which can show significant differences with respect to the calculated Kohn-Sham band structure [43, 44] . Within these limits we see that the agreement is rather good, the symmetry and the main band structures are reproduced. It is remarkable that despite the low contrast in real space PEEM, reciprocal space imaging is capable of identifying the surface polarization present in both zones, providing additional evidence for the ferroelectric state below critical doping. [24] Direct imaging of the band structure from domains using standard ARPES is impossible because of the beam size. One exciting application of the method presented here is the quantification of the dispersion relations at the surface of thin films with a view to identifying bands which may hybridize with a magnetic overlayer and give rise to magneto-electric coupling.
In summary, using a combination of in-situ UHV and oxygen annealing we can control the surface doping of BaTiO 3 (001) and the paraelectric-ferroelectric transition. For doping levels below the critical value, ferroelectric stability leads to domain formation with in and out-of plane polarizations reflected in the band structure symmetry. The results compare well with first principles calculations and represent a breakthrough in the study of the electronic structure of ferroelectric surfaces. The unambiguous observation of domain ordering means that the link between band structure and polarization could be generalized to undoped ferroelectric systems. J.R. and J. D. are funded by CEA Ph.D. grants. We acknowledge Elettra for provision of synchrotron radiation facilities. * Correspondence should be addressed to nick.barrett@cea.fr
